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Understanding	 genetic	 diversity	 patterns	 of	 endangered	 species	 is	 an	 important	
premise	for	biodiversity	conservation.	The	critically	endangered	salamander	Andrias 





the	 aid	 of	 sequence	 variation	 in	 (a)	 the	 mitochondrial	 DNA	 (mtDNA)	 fragments	
(n	=	320	individuals;	33	localities),	(b)	19	whole	mtDNA	genomes,	and	(c)	nuclear	re-
combinase	activating	gene	2	 (RAG2; n	=	88	 individuals;	19	 localities).	Phylogenetic	
analyses	based	on	mtDNA	datasets	uncovered	seven	divergent	mitochondrial	clades	
(A–G),	which	 likely	originated	 in	association	with	the	uplifting	of	mountains	during	
the	Late	Miocene,	 specific	habitat	 requirements,	barriers	 including	mountains	and	
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1  | INTRODUC TION
The	Chinese	giant	salamander	 (Andrias davidianus)	 (Figure	1)	 is	the	


















help	 in	 formulating	 future	management	 strategies	 and	 policies.	 In	
particular,	identification	of	unique	genetic	lineages	that	are	unlikely	
to	 have	 been	 subject	 to	 human‐assisted	 introgression	 could	 allow	
prioritizing	populations	of	special	conservation	value.
Number	of	earlier	studies	have	focused	on	genetic	variation	and	
levels	 of	 population	 differentiation	 in	 A. davidianus	 (Murphy,	 Fu,	




range	 and	provides	 important	 knowledge	 that	 can	be	used	 to	 improve	monitoring	
programs	 and	 develop	 a	 conservation	 strategy	 for	 this	 critically	 endangered	
organism.
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six	A. davidianus	populations	using	isozyme	electrophoresis	and	mi-
tochondrial	DNA	(mtDNA)	sequences	and	found	some	genetic	diver-


























number	 of	 farm‐bred	 samples,	 but	 they	 missed	 two	 clades	 when	
using	 the	small	 sample	sizes	of	wild‐caught	 individuals.	A	compre-


























In	 this	 study,	 we	 characterized	 phylogeographic	 pattern	 and	
differentiation	of	A. davidianus	 on	 the	basis	of	mitochondrial	DNA	
(mtDNA)	 and	 nuclear	 DNA	 (nuDNA)	 utilizing	 a	 large	 number	 of	
wild‐caught	animals	sampled	from	area	covering	most	of	 its	native	
distribution	 range	 (http://maps.iucnredlist.org).	 Larvae	 and	 adult	
individuals	were	 included	 in	 this	 study.	 The	main	 aims	were	 (a)	 to	
assess	how	many	distinct	genetic	clades	the	A. davidianus	consist	of	
in	 the	natural	 species	 ranges	and	where	 they	occur,	 (b)	 to	explore	
what	factors	have	shaped	the	patterns	of	genetic	variability	and	dif-
ferentiation	 in	A. davidianus,	 and	 (c)	 to	offer	 recommendations	 for	
A. davidianus conservation.
2  | METHODS AND MATERIAL S
2.1 | Sample collection and molecular data 
processing

























the	period	of	 larva	outleting	 from	caves	 in	Zhangjiajie	 is	basically	
stable	every	year;	for	example,	larvae	began	to	flow	out	from	Yuanzi	
cave	 and	Wumuyu	 cave	 intermittently	 from	 early	 December	 and	
early	 January,	 respectively,	 and	 this	 phenomenon	 of	 each	 cave	
lasted	 for	 about	20	days	every	year	 (Liang,	2015).	The	number	of	
larvae	 flowed	 out	 from	 one	 of	 the	 five	 caves	 ranged	 from	 17	 to	
1,920	per	 year	 (Liang	 et	 al.,	 2016).	 Skin	 color	was	 close	 to	 honey	
color	 (Supporting	 Information	 Figure	 S1b	 in	 Appendix	 S1)	 when	
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dividuals	 (Supporting	 Information	Table	S1	 in	Appendix	S1;	Figure	
S1a	in	Appendix	S1)	were	captured	and	sampled	in	the	field	around	
water	 outlet	 of	 four	 known	 natural	 breeding	 caves	 in	 Zhangjiajie	
from	5th	December	to	28th	January	next	year	between	2013	and	

















USA)	according	 to	 the	manufacturers	 instructions.	The	 total	DNA	
from	the	supernatant	was	purified	using	an	Easy‐DNA	Kit	(Omega	
Bio‐Tek,	Doraville,	CA,	USA).	A	pair	of	primers	(L14764	and	H16062,	








genomes.	A	 published	mtDNA	genome	of	A. davidianus	 (GenBank	
no:	NC_004926)	was	added	to	our	analyses.	Partial	sequences	from	
the	nuclear	recombinase	activating	gene	2	(RAG2;	772	bp)	were	also	
sequenced	 from	a	 subset	of	 samples	 representing	each	clade	and	
most	of	the	CCR	haplotypes.	A	pair	of	primers	(RAG2‐F	and	RAG2‐R,	
the	20th	 in	Supporting	 Information	Table	S3	 in	Appendix	S1)	was	
designed	 for	 amplifying	 and	 sequencing	 the	 RAG2.	 A	 total	 of	 88	
individuals	and	19	populations	were	 included	in	the	RAG2 amplifi-
cation	 (1–11	 specimens	per	population,	mean	=	4.6).	All	 amplifica-
tions	were	performed	 in	50	μl	 volume	with	an	 initial	denaturation	
period	of	3	min	at	94°C,	which	was	followed	by	35	cycles	of	94°C	
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2.2 | Sequence analyses
The	CCR	 sequences	 (998–1,361	bp)	were	 initially	 edited	 using	 the	
DNASTAR	multiple	 package	 (DNASTAR.	 Inc.,	 Madison,	WI,	 USA),	
aligned	 using	 MUSCLE	 (Edgar,	 2004),	 and	 then	 optimized	 by	 eye	
in	MEGA	version	6.0	(Tamura,	Stecher,	Peterson,	Filipski,	&	Kumar,	
2013).	 Haplotype	 sequences	 were	 collapsed	 using	 DnaSP	 5.10	
(Librado	&	Rozas,	 2009)	 based	on	 the	 gaps/missing	 sites.	CCR	 se-
quences	 provided	 a	 data	 matrix	 of	 1,574	bp	 after	 alignment	 with	
two	outgroups	 (Andrias japonicus and	Cryptobranchus alleganiensis)	
and	produced	68	ingroup	haplotypes.	For	the	19	whole	mtDNA	ge-
nomes	(16,311–16,503	bp),	we	extracted	22	transfer	RNAs	(tRNA),	
13	 protein‐coding	 genes	 with	ND6	 adjusted	 to	 present	 the	 same	




Nuclear	 gene	 sequences	 containing	more	 than	one	 ambiguous	
site	were	resolved	using	PHASE	2.1.1	(Stephens,	Smith,	&	Donnelly,	
2001),	 accepting	 the	 results	 with	 a	 probability	 >90%.	 The	 input	











were	 selected	 as	 outgroups	 because	 of	 their	 close	 relationships	
with	A. davidianus.	The	phylogenetic	relationships	among	mitochon-
drial	 haplotypes	were	 reconstructed	 using	Bayesian	 inference	 (BI)	
and	maximum	 likelihood	 (ML)	 for	 the	CCR	 sequences	 and	mtDNA	
genome,	respectively.	We	employed	the	best‐fit	nucleotide	substi-
tution	model	 for	BI	 and	ML	analyses.	For	 the	CCR	 sequences,	 the	
best‐fit	 substitution	 model	 (GTR	+	I	+	G)	 was	 selected	 using	 the	








million	 generations	under	 a	 constant	 size	 and	 random	starting	 to-
pologies.	The	phylogenetic	trees	were	sampled	every	1,000th	gen-












median‐joining	 networks	 were	 constructed	 in	 Network	 v4.6.1.0	
(Bandelt,	Forster,	&	Rohl,	1999)	using	 the	 longest	nonrecombining	
region.
2.4 | Molecular diversity and population 
genetic structure
The	molecular	diversity	of	each	population	and	clade	with	more	than	
five	 individuals,	 including	 the	number	of	haplotypes	 (n),	haplotype	









To	 investigate	 the	 level	of	 genetic	 variation	among	geographic	
populations,	 analyses	 of	 molecular	 variance	 (AMOVA;	 Excoffier,	
Smouse,	&	Quattro,	1992)	were	performed	in	Arlequin	3.5	(Excoffier	
&	Lischer,	2010).	Overall	 populations	were	 sorted	 into	geographic	
groups	 based	 on	 drainage	 (14	 rivers)	 and	 mountain	 (nine	 moun-
tains)	 systems	 (Supporting	 Information	 Table	 S1	 in	 Appendix	 S1).	
Population	differentiation	(ϕST)	was	calculated	in	Arlequin	by	calcu-
lating	pairwise	ϕST	 values	 among	populations	with	more	 than	 five	
samples.	We	 employed	 1,000	 permutations	 to	 assess	 significance	
for	AMOVA	and	ϕST	calculations	using	CCR	sequences	based	on	K2P	
distance.	The	existence	of	phylogeographic	structure	was	examined	









estimation.	 No‐partition	 strategy	 with	 the	 GTR	+	I	+	G	 model	 in-
ferred	by	MrModeltest	v2.3	and	the	uncorrelated	lognormal	relaxed	
clock	 (Drummond,	Ho,	Phillips,	&	Rambaut,	 2006)	were	employed	
in	 this	 analysis.	We	used	 the	 isolation	 time	 (16	Ma)	of	 Japan	 from	




the	 mean	 and	 0.04	 million	 years	 as	 standard	 deviation	 (95%	 CI:	
14.97–17.07	Ma).	The	analysis	was	performed	using	200	million	gen-
erations	and	 sampling	every	2,000th	 tree	under	 a	Yule	 speciation	








resolved	 five	 highly	 supported	 clades	 (A–G;	 Figure	 3),	 but	 they	
did	 not	 yield	well‐supported	 topologies	 in	 certain	 nodes.	 The	BI	
tree	performed	strongly	supported	the	clades	F	and	G	(Figure	3),	
whereas	 the	 ML	 trees	 did	 not	 distinguish	 these	 clades.	 The	 BI	
and	ML	analyses	based	on	the	concatenated	dataset	from	the	19	
mtDNA	genomes	obtained	robust	and	similar	topology	(Figure	4).	








Region	 and	 southern	 Hunan	 Province	 (Figure	 2b).	 Clades	 D	 and	
E	 distributed	 in	 eastern	 parts	 of	 the	 species	 range	 and	 had	 a	
geographic	occurrence	 in	 the	 two	 sides	of	Huangshan	and	Wuyi	
Mountains	 (Figure	 2a).	 The	 clade	 F	 only	 detected	 in	 Tianshui	
County,	Gansu	Province,	whereas	the	clade	G	occurred	mainly	 in	
western	 and	 northern	 parts	 of	 the	 species	 range	 (Figure	 2).	 The	







S1).	 Both	 the	Yellow	River	 basin	 and	 southeastern	Coastal	 River	
basin	contained	only	one	clade	(Figure	2b;	Supporting	Information	
Figure	S2c	in	Appendix	S1).
Phylogeographic	 analyses	 showed	 that	 there	 are	 seven	 obvi-









occurrence	 in	 the	 two	 sides	 of	 the	Huangshan	Mountain	 and	 the	
Wuyi	Mountain	(Supporting	Information	Figure	S2a	in	Appendix	S1).	
Clades	B,	C,	D,	and	G	were	 found	 in	 three,	 four,	 three,	and	seven	
mountains	(Supporting	Information	Figure	S2a	in	Appendix	S1).	The	
Yangzte	River,	 the	Yellow	River,	 the	Pearl	River,	 and	 the	Southern	
Coastal	River	habored	five,	one,	three,	and	one	clades,	respectively	
(Figure	2b,	Supporting	Information	Figure	S2b	in	Appendix	S1).	More	
than	 one	 clades	 were	 examined	 in	 Hunan,	 Guangxi,	 Chongqing,	
and	 Gansu	 (Supporting	 Information	 Figure	 S2c	 in	 Appendix	 S1).	
Additionally,	 clade	G	 had	widest	 coverage	 that	 discovered	 in	 nine	
provinces.
The	 alignment	 of	 RAG2	 (772	bp)	 identified	 five	 haplotypes	
(A1–A5).	 The	 network	 of	 the	 RAG2	 sequences	 did	 not	 show	 any	
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3.2 | Genetic diversity and population structure
The	CCR	results	indicated	high	overall	haplotype	diversity	(h = 0.870)	
and	 nucleotide	 diversity	 (θπ	=	0.230),	 respectively.	However,	 there	
was	considerable	variation	among	different	populations	(Supporting	
Information	Table	S5	in	Appendix	S1).	The	population	at	locality	19	
harbored	 the	 highest	 haplotype	 diversity	 with	 all	 haplotypes	 as-
signed	 to	 clade	G.	 The	 nucleotide	 diversity	was	 greatest	 in	 local-
ity	 16,	 and	 this	 population	 had	 haplotypes	 from	 clades	 C	 and	 G.	




that	12	out	of	23	populations	showed	a	pattern	of	decline	(θπ < θω; 




varied	 from	 1.92%	 to	 4.37%	 (Supporting	 Information	 Table	 S6	 in	
Appendix	S1).	Mantel	test	detected	weak	but	significant	correlation	
between	geographic	and	genetic	distances	(r	=	0.242,	p	=	0.001).
Nonhierarchical	 AMOVA	 (Table	 2)	 suggested	 that	 A. davidianus 
was	highly	geographically	structured,	with	66.11%	of	the	genetic	vari-
ation	attributable	to	differentiation	among	populations,	a	result	which	
was	 highly	 significant	 (p	<	0.001).	Hierarchical	AMOVA	 (Table	 2)	 of	
populations	partitioned	according	to	river	and	mountain	systems	also	










6.38	Ma	 and	 8.10	Ma	 (95%	CI	 3.16–10.36	 to	 4.32–12.52	Ma).	 The	
divergence	 between	 clades	 B	 and	 C	 occurred	 at	 approximately	
3.90	Ma	(95%	CI	1.20–8.04	Ma),	the	divergence	between	clades	D	
and	E	occurred	at	approximately	4.37	Ma	 (95%	CI	1.70–7.92	Mya),	
and	 the	 divergence	 between	 clades	 F	 and	G	 occurred	 at	 approxi-
mately	3.69	Ma	(95%	CI	1.30–7.00	Ma).
4  | DISCUSSION
This	 study	 investigates	 the	 phylogeographic	 patterns	 of	A. davidi‐





nals,	 and	 conservation	 implications.	 In	 comparison	with	 Yan	 et	 al.	










mtDNA	 markers.	 However,	 Yan	 et	 al.	 (2018)	 determined	 seven	






To	 compare	 the	 two	 studies	 conveniently,	we	 conducted	 one‐





ern	 Guangxi	 and	 center	 Hunan,	 and	 the	 representatives	 of	 clade	










TA B L E  1  Genetic	diversity	for	each	clade
n/N h θπ (%) θω (%)
A 5/21 0.571 ± 0.052 0.200 0.123
B 9/67 0.525 ± 0.060 0.282 0.232
C 3/32 0.232 ± 0.094 0.134 0.175
D 8/24 0.692 ± 0.095 0.239 0.432
E 3/8 0.679 ± 0.122 0.078 0.073
F 1/1 — — —
G 41/167 0.638 ± 0.043 0.292 0.828
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two	 locations	are	both	belonged	to	the	Jialingjiang	River	and	geo-
graphic	proximity.	Additionally,	our	study	observed	clade	G	mainly	
occupied	 western,	 center,	 and	 northern	 species	 range,	 including	
Yunnan,	Sichuan,	Gansu,	Shaanxi,	Shanxi,	Henan,	Hubei,	and	north-
ern	Hunan,	which	was	partly	concordant	with	the	study	by	Yan	et	





4.2 | Discordant phylogenetic relationships 
among clades
The	phylogetic	analyses	of	mtDNA	genomes	in	our	study	supported	
four	major	 clades	within	A. davidianus	 populations:	 (a)	 clade	A;	 (b)	
clade	B–C;	 (c)	clade	D–E;	and	 (d)	clade	F–G.	Our	analyses	showed	
clade	D–E	and	clade	F–G	clustered	together	and	clade	B–C	was	sup-






quence	 lengths	 are	 of	 importance	 to	 obtain	 strong	 phylogenetic	
inference	among	different	 taxa,	particularly	 among	closely	 related	
species	groups	(McHardy,	Martin,	Tsirigos,	Hugenholtz,	&	Rigoutsos,	
2007).	For	 instance,	we	failed	to	acquire	robust	phylogenetic	rela-














2009).	For	instance,	Matsui	et	al.	 (2008)	detected	that	A. japonicus 
populations	were	divided	into	two	clades	with	1.1%	sequence	diver-
gence	between	them.	Likewise,	Sabatino	and	Routman	(2009)	found	
that	C. alleganiensis populations	 in	 eight	 reciprocally	monophyletic	
clades	had	0.7%	to	5.4%	sequence	divergence	between	them.
The	 divergence	 observed	 within	 A. davidianus	 likely	 reflects	
long‐term	 isolation.	 The	 divergence	 between	 the	 major	 clades	











1999;	 Shi,	 Li,	 &	 Li,	 1998).	 Considering	 that	A. davidianus	 is	 a	 fully	
aquatic	species	and	dispersal	events	across	mountains	are	unlikely,	
separated	 drainage	 systems	 and	 uplifted	 mountains	 attributed	 to	
tectonic	events	almost	certainly	caused	the	differentiation	of	A. da‐





these	 populations	 belong	 different	 mtDNA	 clades	 because	 they	
reside	 on	 different	 drainage	 systems	 opposite	 sides	 of	 the	moun-










Likewise,	 the	Xuefengshan	Mountains	 in	Hunan	 seem	 to	 separate	




TA B L E  2  Results	of	Analysis	of	Molecular	Variance	(AMOVA)	for	the	two	grouping	options	based	on	the	mountain	systems	and	drainages	
of	the	Andrias davidianus	estimated	using	ϕST	based	on	CCR sequences




tions (%) FCT p
Overall	populations No	group 66.11 — 33.89 0.661 <0.001
Drainages 59.66 7.27 33.07 0.597 <0.001
Mountains 37.94 29.48 32.59 0.379 <0.001













analyses	 indicated	 a	 high	 level	 of	 genetic	 structuring	 among	A. da‐





























conserving	 the	 evolutionary	potential	 of	 a	 given	 species	 (Milligan,	
























mented	population	due	 to	 increased	variance	 in	 family	 size.	Hence,	
since	 both	 the	 ecological	 and	 genetic	 consequences	 of	 introducing	
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